Rickettsia parkeri is an emerging eschar-causing human pathogen in the spotted fever group of Rickettsia and is transmitted by the Gulf coast tick, Amblyomma maculatum. Tick saliva has been shown to alter both the cellular and humoral components of the innate and adaptive immune systems. However, the effect of this immunomodulation on Rickettsia transmission and pathology in an immunocompetent vertebrate host has not been fully examined. We hypothesize that, by modifying the host immune response, tick feeding enhances infection and pathology of pathogenic spotted fever group Rickettsia sp. In order to assess this interaction in vivo, a pilot study was conducted using five rhesus macaques that were divided into three groups. One group was intradermally inoculated with low passage R. parkeri (Portsmouth strain) alone (n = 2) and another group was inoculated during infestation by adult, R. parkeri-free A. maculatum (n = 2). The final macaque was infested with ticks alone (tick feeding control group). Blood, lymph node and skin biopsies were collected at several time points post-inoculation/infestation to assess pathology and quantify rickettsial DNA. As opposed to the tick-only animal, all Rickettsia-inoculated macaques developed inflammatory leukograms, elevated C-reactive protein concentrations, and elevated TH1 (interferon-γ, interleukin-15) and acute phase inflammatory cytokines (interleukin-6) post-inoculation, with greater neutrophilia and interleukin-6 concentrations in the tick plus R. parkeri group. While eschars formed at all R. parkeri inoculation sites, larger and slower healing eschars were observed in the tick feeding plus R. parkeri group. Furthermore, dissemination of R. parkeri to draining lymph nodes early in infection and increased persistence at the inoculation site were observed in the tick plus R. parkeri group. This study indicates that rhesus macaques can be used to model R. parkeri rickettsiosis, and suggests that immunomodulatory factors introduced during tick feeding may enhance the pathogenicity of spotted fever group Rickettsia.
Introduction
and in the skin at the inoculation site in the chronic phase of infection suggesting the possibility of greater dissemination and persistence of Rickettsia in response to tick feeding. Taken together, these results reveal the utility of a primate model of R. parkeri infection and demonstrate that tick feeding can modify the pathogenesis of tick-borne rickettsiosis.
Materials and Methods

Tick and Rickettsia Preparation
A colony of R. parkeri-free A. maculatum was maintained on rodents as previously described [12, 24] . All animals that were used for tick-rearing purposes were housed at the Louisiana State University (LSU) Division of Laboratory Animal Medicine (DLAM) vivarium on a 12-hour light-dark cycle with ad libitum rodent feed and water. Animals were housed in social pairs or groups appropriate to the species until tick placement; at which point, they were housed individually in order to prevent partner manipulation of tick containment devices. Larvae were fed on adult BALB/c mice (LSU DLAM, Baton Rouge, LA, USA) that were housed on wire grates over fresh water, and engorged larvae were collected twice daily as the water was changed. Nymphal and adult ticks were fed on adult Sprague-Dawley rats (LSU DLAM) or adult Hartley guinea pigs (Charles River Laboratories, Wilmington, MA, USA) within capsules fashioned from plastic 50 ml conical tubes and attached with a 3:1 tree rosin to bee wax mixture. After tick collection following feeding to repletion and dropping off of their hosts, animals were humanely euthanized with carbon-dioxide followed by cervical dislocation. Animal care and use for tick rearing purposes was approved by the Louisiana State University Institutional Animal Care and Use Committee (IACUC) (Protocol Number: 13-034).
The ticks used in this experiment were determined to be free of R. parkeri via DNA extraction and traditional semi-nested PCR using the 190.70p and 190.602n and 190.70p and 190.701 primer pairs for Rickettsia ompA as previously described [12, [25] [26] [27] . Thirty female and fifteen male adult ticks were utilized in this study. Semi-purified rickettsiae were recovered from R. parkeri (Portsmouth strain) [3] passage 4 infected Vero cells (3 days post-inoculation) using the modified protocol of Weiss et al. [28] as previously described [29] . Rickettsiae were enumerated after staining with the LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes, Carlsbad, CA, USA) in a Petroff-Hausser bacterial counting chamber (Hausser Scientific, Horsham, PA, USA) and examined with a Leica microscope (Leica Microsystems, Buffalo Grove, IL, USA) [30] . The rickettsiae were resuspended in sucrose-phosphate-glutamic acid buffer (SPG) [31] to obtain the desired inoculation dose of 1 × 10 7 live rickettsiae/200 μL, a dose that is at the high end of the range of total R. parkeri DNA found in wild-caught Amblyomma ticks [32] and is similar to the dose used in previous animal models of rickettsioses [11, 12, [33] [34] [35] [36] [37] . The same volume of uninfected Vero cell culture was prepared in SPG as above with the exception of bacterial inoculation and counting.
Non-human Primates
The five adult male Indian rhesus macaques (Macaca mulatta) used in the study were housed at the Tulane National Primate Research Center. Practices in the housing and care of nonhuman primates conformed to the regulations and standards of the Public Health Service Policy on Humane Care and Use of Laboratory Animals, and the Guide for the Care and Use of Laboratory Animals. The Tulane National Primate Research Center (TNPRC) is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. The IACUC at the TNPRC approved all animal-related protocols specific to this study, including R. parkeri inoculation, tick infestation and sample collection from nonhuman primates (Protocol number: P0222) and all efforts were made to minimize animal suffering. All animals received standard primate feed as well as fresh fruit and enrichment daily, and had continual access to water. Primates were housed in pairs within treatment groups prior to and after tick infestation. Single housing was required during tick infestation in order to prevent partner manipulation of jackets and tick containment devices. Single cages are 4.3ft 2 x 30". Pairs were housed in larger cages, which at a minimum provide at least 4.3ft 2 x 30" per animal. Animals greater than 10 kg were allocated twice this amount of space. All animals received standard enrichment tailored to the species as dictated by the Animal Welfare Act and outlined in the TNPRC Policy on Environmental Enrichment (e.g., objects to manipulate in cage, varied food supplements, foraging and task-oriented feeding methods, interaction with caregivers and research staff). All animal procedures were overseen by TNPRC veterinarians and their staff and their welfare was monitored daily. Complete physical exams (including evaluation of the integumentary, musculoskeletal, lymphatic, gastrointestinal, cardiovascular, and respiratory systems) were performed, and rectal temperatures and weights were taken prior to each procedure. In order to alleviate animal suffering, the macaques were anesthetized for all procedures with 5-8 mg/kg Telazol intramuscularly (IM) followed by ketamine in small increments of 2-5 mg/kg IM as needed. In addition to this anesthetic protocol, all animals were pre-emptively given 0.01 mg/kg buprenorphine IM as additional analgesia for biopsies. None of the animals in this study demonstrated any deterioration in physical condition that required euthanasia during the experiment as determined by the standard TNPRC endpoint policy; therefore, the experimental endpoint for this study was 31-35 days post-R. parkeri/Vero cell lysate inoculation (31-35 dpi). At this point, the macaques were humanely euthanized at via administration of 5-8 mg/kg Telazol IM and 0.01 mg/kg buprenorphine IM followed by an overdose with 156 mg/kg sodium pentobarbital via intracardiac injection, a method that is consistent with the recommended guidelines of the American Veterinary Medical Association. Tulane University complies with NIH policy on animal welfare, the Animal Welfare Act, and all other applicable federal, state and local laws.
Tick Feeding and Rickettsia parkeri Inoculation
The macaques were split into three groups as outlined in Fig 1. Two animals each were placed in the R. parkeri-only and the tick + R. parkeri groups, and one was placed in the tick-only group. All animals were shaved and fitted with primate jackets (Lomir Biomedical, Inc., NotreDame-de-l'Île-Perrot, QC, Canada) one week prior to tick infestation to allow the primates to become acclimated to them. The tick exposure groups were infested with five male and ten female adult ticks using a tick containment device as previously described [38] . The number of ticks was chosen based on the fact that they could comfortably feed and engorge in the space allowed within the containment device. Male ticks were placed on the host and allowed to attach one day after applying the tick containment device, followed by female tick infestation two days later to stimulate the production of pheromones secreted during male feeding, such as the attraction-aggregation-attachment pheromone, which facilitate female tick attachment and feeding [39] . The tick feeding sites and containment devices were assessed, cleaned, and reinforced as needed at 3, 7, and 12 days post female tick infestation. All of the animals were inoculated intradermally 13 days after jacket placement (3 days after female tick infestation for the tick groups) with three 200 μL injections of either partially purified Vero cell lysate or R. parkeri at the tick feeding site for the tick groups or at a similar location on the cranial back for the R. parkeri-only group. Ticks, containment devices, and jackets were removed 12 days after female tick infestation.
Sample Collection
For all groups, blood, skin biopsies (4-mm punch), and excisional axillary or inguinal lymph node biopsies were collected at several time points as detailed in Fig 1 . Skin biopsies were taken both at the site of R. parkeri inoculation/tick feeding and away from the inoculation/infestation site on the caudal dorsum. At necropsy, skin both at the inoculation site and at a distant location from the inoculation site, axillary and inguinal lymph nodes, lung, heart, liver, spleen, and bone marrow were collected. All tissues, including biopsies and tissues collected at necropsy, were split into two portions. One portion was frozen at -20°C until DNA extraction was performed and the other portion was fixed in Z-fix fixative (Anatech, Ltd., Battle Creek, MI, USA) and routinely processed for histopathological evaluation.
Hematology
Blood was collected into serum separator clot tubes for serum chemistry, cytokine concentrations, and indirect enzyme-linked immunosorbent assays (ELISAs) for anti-R. parkeri antibody determination. Serum chemistries including aspartate aminotransferase, alanine transaminase, Experimental design for tick feeding, R. parkeri/Vero cell inoculation, and sample collection. Adult Amblyomma maculatum ticks were placed on the hosts as indicated. Either a partially purified low passage human isolate of R. parkeri or an uninfected Vero cell inoculum was administered at the indicated time points. Blood collection, physical exams (PE), rectal temperatures, and skin and lymph node biopsies were taken from all animals at the indicated time points. Complete necropsies were performed at the end of the study as indicated. alkaline phosphatase, sodium, chloride, potassium, total protein, albumin, globulin, blood urea nitrogen, creatinine, glucose, and C-reactive protein were performed immediately. Serum for cytokine evaluation and ELISAs was separated from the cellular component after centrifugation and stored at -20°C. Blood was also collected into EDTA tubes for complete blood count (CBC) determination and DNA extraction for R. parkeri quantification. CBCs were performed immediately, whereas blood for DNA extraction was stored at -20°C. As part of the CBC, fresh blood smears stained with Diff-Quick (Siemens Corporation, Washington, D.C., USA) were evaluated in a randomized manner by a board-certified veterinary clinical pathologist to determine the manual leukocyte cell differential and to evaluate erythrocyte, leukocyte, and platelet morphology. Each sample was evaluated in duplicate without dilution, along with duplicates of seven dilutions of provided standards and a low and high concentration quality control sample provided by the manufacturer. Data were acquired on a Luminex 100 system and analyzed using bioplex manager software (Bio-Rad Laboratories, Hercules, CA, USA).
Indirect ELISAs to detect anti-R. parkeri IgG were performed on the serum samples from three time points (7 days prior to R. parkeri exposure, 11 dpi, and 31-35 dpi) as adapted from a previously described protocol [40] . Briefly, half of the wells of 96-well plate were coated with R. parkeri whole cell antigen and half without antigen followed by incubation overnight at 4°C with blocking buffer (5% skim milk/0.1% Tween-20 in phosphate-buffered saline). The macaque serum samples were used as primary antibody, goat anti-monkey IgG conjugated to horseradish peroxidase (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA) diluted 1:5000 in blocking buffer was used as the secondary antibody, and the reaction was visualized with the OptEIA tetramethylbenzidine substrate reagent set (BD Biosciences, San Jose, CA, USA). After a 15-minute incubation, the reaction was stopped with 2N sulfuric acid, and optical densities (ODs) were read with a Spectramax M2 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA) at 450 nm minus the absorbance at 650 nm. Additionally, serum from a mouse previously inoculated with R. parkeri followed by goat anti-mouse IgG conjugated to horseradish peroxidase (Thermo Fisher Scientific, Waltham, MA, USA) as the secondary antibody and wells without serum were used as positive and negative controls, respectively. Samples were run in triplicate and the mean ODs were calculated after subtracting the ODs in the wells without antigen from the ODs in the wells with antigen. Samples that were positive at 1:64 were then subjected to two-fold serial dilutions until negative to get an endpoint titer, as has been previously reported [5] . A sample was considered positive at a certain dilution if the mean of the net ODs was greater than 0.200 or greater than the mean OD of the negative controls plus three standard deviations, whichever was larger. Endpoint titers were determined to be the highest positive dilution for each sample [40] .
Histopathology and Immunohistochemistry
After fixation, tissues were routinely embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for histopathological evaluation. Tissue sections were evaluated in a randomized, blinded manner by a board-certified veterinary anatomic pathologist. Skin from the inoculation sites and lymph node sections for all groups were assessed by immunohistochemistry (IHC) for the presence of Rickettsia using an anti-RC PFA polyclonal rabbit primary antibody [41] . Cross-reactivity of this antibody to R. parkeri was confirmed by staining R. parkeri (Portsmouth strain) infected Vero cells. Briefly, slides were stained using a DAKO autostainer LINK 48 after proteinase K antigen retrieval (Dako, Carpinteria, CA, USA) with anti-RC PFA (1:2000) and a biotinylated anti-rabbit secondary antibody (Vector Laboratories, Burlingame, CA, USA), and visualized using the avidin/biotinylated enzyme complex (Vector Labs) and the ImmPACT NovaRED peroxidase substrate (Vector Labs), followed by counterstaining with Mayer's hematoxylin. False positives due to non-specific binding of the secondary antibody were ruled out by comparing sample staining to staining in tissue sections that were stained without primary antibody.
PCR for Detection of Rickettsial DNA
Genomic DNA was extracted from blood and tissue samples using the DNeasy Blood and Tissue Kit (Qiagen, Germantown, MD) according to the manufacturer's instructions. Extracted DNA was stored at -80°C until real-time quantitative PCR (qPCR) was performed. In order to detect rickettsial and rhesus macaque DNA, Rickettsia ompB primers [42] , an R. parkeri species-specific fluorescent-labeled probe (5'-/Cy-5/TTTG+A+G+C+A+G+CA/3IABkFQ/-3'), and rhesus macaque oncostatin M (OSM) primers and probe [43] were used. The Rickettsia ompB gene is a single copy gene that encodes a common rickettsial surface antigen protein, and the rhesus macaque OSM gene is a single copy gene that encodes the oncostatin M cytokine. To quantify R. parkeri DNA in macaque tissues, serial dilutions of a plasmid containing singlecopies of the R. parkeri ompB and rhesus macaque OSM genes were amplified along with the unknown samples, environmental DNA extraction controls, and water (negative controls) using iTaq Universal Probes Supermix (Bio-Rad Laboratories) and the LightCycler 480 system II (Roche, Indianapolis, IN, USA) as previously described [44] . To confirm that the positive qPCR results were due to R. parkeri and to assess potential transmission of Candidatus "R. andeanae" (an A. maculatum symbiont), a 631bp segment of the Rickettsia ompA gene was amplified from all qPCR positive tissue sample DNA extracts and skin DNA extracts at the site of tick infestation at 4 and 9 dpi in the tick-only animal using 190.70p and 190.701 primers and thermocycling conditions as previously described [25] [26] [27] . The products were visualized on a 2% agarose gel. Amplicons were extracted from the gel using a PCR Clean-up System (Promega, Madison, WI, USA), cloned into pCR 4-TOPO vector and at least five clones from each sample were sequenced at Louisiana State University. Nucleotide similarities of the sequences were evaluated on the GenBank BLAST database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Engorged female ticks from the animals in this experiment were allowed to oviposit in humidified chambers and eggs from these ticks were allowed to hatch. Genomic DNA was extracted from pools of 10-20 larvae as described above after freezing in liquid nitrogen and grinding them with a sterile pestle. Traditional PCR with the 190.70p and 190.701 primers, cloning, and sequencing were performed on the amplicons as described above.
Results
Tick Feeding
At 3 days post female tick placement, the majority of the female ticks had attached in all of the tick infestation groups (7/10 in the tick-only group, 9/10 and 10/10 in the tick feeding + R. parkeri animals). Furthermore, all males were attached at this time, except for one in the tick-only group. The remaining ticks were stuck in the glue surrounding the tick containment apparatus and did not feed. At the time of tick removal, most of the females that had attached were fully engorged in all tick infestation groups.
Clinical data and Hematology
No differences in weight or temperature were noted between treatment groups during the study. Mild to marked peripheral lymphadenopathy was noted in all animals from 4 dpi to 11 dpi primarily affecting the axillary lymph nodes. At 1 dpi, moderate neutrophilia (greater than 4-fold pre-inoculation values) was noted in both primates in the tick + R. parkeri group as compared to mild neutrophilia (less than 3-fold baseline concentrations) in both R. parkerionly primates (Fig 2A) . All of these animals had mild neutrophilia at 4 dpi that resolved by the time of necropsy in all animals except for macaque #1 in the tick + R. parkeri group. The tickonly macaque developed mild neutrophilia at 4 dpi (less than 3-fold pre-inoculation levels), with values returning to baseline at necropsy. All of the animals inoculated with R. parkeri were lymphopenic at 1 and 4 dpi (less than or equal to half of baseline values), except for macaque #1 in the R. parkeri-only group, with values returning to baseline in all animals by the date of necropsy (Fig 2B) . There were no apparent relevant differences between treatment groups for the rest of the CBC data.
C-reactive protein (CRP) concentration was mildly to markedly elevated (5 to greater than 50-fold increase from pre-inoculation concentrations) at 1 dpi in all R. parkeri-inoculated animals, with the highest concentration in primate #2 from the tick + R. parkeri group (Fig 2C) . At 4 dpi, the CRP concentrations in these animals were mildly to moderately increased (5 to 18-fold pre-inoculation values), and returned to baseline for the remainder of the study. The tick-only macaque had mild elevation (less than 4-fold) in CRP concentration at 11 dpi only. There were no apparent relevant differences between treatment groups for the rest of the chemistry analytes evaluated during the study.
There were 17-20-fold increases in IL-6 concentrations in both of the tick + R. parkeri macaques at 1 dpi as compared to pre-inoculation values, with moderate elevations (8-12-fold baseline concentrations) noted at 4 dpi for the same two animals and macaque #1 from the R. parkeri-only group (Fig 3A) . Moderate elevations (13-fold greater than pre-inoculation values) were noted in IFNγ concentration in primate #1 from the tick + R. parkeri group at 1 dpi with mild elevations (less than 7-fold pre-inoculation data) in all R. parkeri-inoculated animals at 4 dpi (Fig 3B) . Also, there were mild increases (1.7 to 2.3-fold greater than baseline) in IL-15 concentration in both animals from the tick + R. parkeri group as well as R. parkeri-only macaque #2 at 4 dpi, with mild increases (1.5-fold greater than pre-inoculation data) at 4 dpi and 11 dpi in the tick-only animal. There were no apparent differences between groups for the remainder of the cytokines evaluated. All animals inoculated with R. parkeri had anti-R. parkeri IgG titers of at least 1:256 at 11 dpi with at least a 4-fold increase in titers by 31-35 dpi (Table 1) . Anti-Rickettsia IgG was not detected in the tick-only animal during the experiment, nor in any of the animals prior to inoculation.
Gross Pathology
At 4 dpi, the skin at the site of tick infestation in the tick-only animal was diffusely erythematous, raised and thickened, encompassing the majority of the 5-cm tick containment area (Fig 4A) . In the R. parkeri-inoculated animals, at 4 dpi, eschars formed at all inoculation sites (Fig 4B) . In the R. parkeri-only group, these eschars were characterized by crusted ulcers that measured approximately 0.5-1 cm in diameter and were surrounded by 0.5-1.5 cm erythematous halos. The eschars were larger in both tick + R. parkeri primates, with areas of ulceration measuring up to 1.5 × 3 cm surrounded by diffusely erythematous, raised, and thickened skin of up to 5 cm in diameter (Fig 4C) . At 9 dpi, the R. parkeri-only eschars began to heal with scar formation as opposed to increased erythema and ulceration that developed in all tick infestation groups. At necropsy, eschars in the R. parkeri-only primates had been replaced by scars measuring up to 0.1 × 0.3 cm ( Fig 4D) ; whereas, healing ulcers with scar tissue were noted in all tick infestation groups that measured up to approximately 1 × 2 cm in the tick + R. parkeri macaques (Fig 4E) . These healing ulcers were surrounded by maculopapular rashes measuring approximately 3-6 by 4.5-6 cm in both of the tick + R. parkeri macaques. The cutaneous histologic findings are summarized in Table 2 . At 4 dpi, marked, diffuse dermatitis extending throughout the superficial and deep dermis and characterized by infiltration of many neutrophils and fewer macrophages was observed in all macaques, except the R. parkeri-only macaque #1, which had a moderate perivascular dermatitis consisting primarily of neutrophils with fewer macrophages. Epidermal necrosis was found only in the R. parkeriinoculated animals (Fig 5A and 5B, Table 2 ). At 9 dpi, moderate to marked diffuse infiltration of the superficial and deep dermis by macrophages and neutrophils was noted in the tick + R. parkeri animals with moderate to marked epidermal necrosis, as opposed to mild perivascular dermatitis characterized by aggregates of variable numbers of neutrophils, macrophages, lymphocytes and plasma cells noted in the tick-only and R. parkeri-only macaques with mild epidermal necrosis in the R. parkeri-only animals. At 17 dpi and at necropsy, mild to moderate perivascular lymphocytic to lymphoplasmacytic inflammation was noted in the tick infestation groups with mild to moderate epidermal necrosis noted in the tick + R. parkeri group at 17 dpi and mild epidermal necrosis in the tick-only group at 31 dpi. The R. parkeri-only group had no significant histopathological lesions at these time points except for the R. parkeri-only macaque #1, which had mild perivascular lymphoplasmacytic inflammation at necropsy. Furthermore, marked dermal vasculitis was noted in the R. parkeri-only macaque #2 at 4dpi with mild vasculitis noted in the tick + R. parkeri animal #1 at 4 and 9 dpi. This vasculitis was characterized by intramural fibrin deposition, endothelial cell necrosis/degeneration, and/or inflammatory cells (neutrophils and macrophages) within vessel walls (as depicted in Fig 5B) . Mild to moderate lymphadenitis characterized by infiltrates of macrophages and neutrophils with lymphoid hyperplasia was noted in all animals at various time points after inoculation/infestation. No other significant lesions were noted in the other tissues collected. Immunohistochemical staining revealed few to many positively staining coccobacilli primarily within macrophages and fewer within neutrophils in both R. parkeri-inoculated groups at 4 and 9 dpi (Fig 6B and 6C , Table 2 ). Rare organisms were also noted in macrophages in tick infestation site in the tickonly animal at 4 dpi ( Fig 6A, Table 2 ) and in a lymph node from the tick + R. parkeri macaque #2 at 4 dpi.
PCR for Detection of Rickettsial DNA
R. parkeri DNA was detected in the skin at the inoculation site in all of the R. parkeri-inoculated animals via qPCR at 4 and 9 dpi, with lower copy numbers detected in both tick + R. parkeri animals at 9 dpi (Fig 7) . Furthermore, R. parkeri DNA was detected at the cutaneous inoculation site at necropsy and in a lymph node at 4 dpi from the tick + R. parkeri monkey #2.
No rickettsial DNA was detected in the other tissue or blood samples from any animal via qPCR, including all tissues from the tick-only group at all time points, the extraction and negative control samples. qPCR positive tissue samples were then subjected to traditional PCR for sequencing of a segment of rickettsial ompA. Sequence analysis of amplicons from all of the Histopathologic findings associated with intradermal inoculation of R. parkeri include marked epidermal necrosis and dermatitis during the acute phase of infection. Tick feeding during R. parkeri inoculation resulted in persistence of dermatitis and dermal vasculitis in the chronic phase of infection. AntiRickettsia immunohistochemistry revealed rare to many organisms in the skin at inoculation site during the acute phase of infection. 0 = absence of the specified parameter, + = mild histologic change (finding is rare to infrequent at high-power), ++ = moderate histologic change (change is found in multiple high-power fields or large foci are present in selected areas), +++ = marked histologic change (changes are frequently observed in multiple high-power fields or change is severe in focal areas). * Denotes diffuse dermatitis affecting the superficial and deep dermis as opposed to perivascular dermatitis denoted by the lack of an *. 986616.1, JX134641.1, KC003476.1, EU715288.1, and FJ172358.1). No amplicons were observed after traditional PCR using skin DNA extracts at the site of tick infestation from the tick-only animals at 4 and 9 dpi as template. Ten of 26 (38%) engorged female ticks collected in this experiment laid eggs that produced viable larvae. Rickettsial DNA was detected in one of the 10 larval pools (10% positive). This larval pool came from a female tick from the R. parkeri + tick macaque #2. Sequence analysis of this amplicon revealed a sequence identity of 100% to two strains of Candidatus "Rickettsia andeanae" (GenBank accession numbers KF179352.1 and KF030932.1).
Discussion
In this study, rhesus macaques were shown to be a suitable animal model of R. parkeri rickettsiosis, developing an acute phase inflammatory response, lymphadenopathy, anti-R. parkeri IgG, and characteristic eschars and maculopapular rashes with histologic evidence of dermal vasculitis after intradermal inoculation. The route of rickettsial inoculation used in this study, intradermal inoculation during tick feeding, while not replicating natural tick transmission of R. parkeri, was chosen in order to evaluate the effect of tick feeding on rickettsial pathogenesis as compared to the same dose of R. parkeri inoculated alone. If tick inoculation of R. parkeri was used instead, an appropriate Rickettsia-only control would be lacking as the dose and time-course of tick inoculation of R. parkeri remains undefined. Despite the fact that too few animals were utilized to perform statistical analysis, several conclusions can be made from this pilot study. All four rhesus macaques that were inoculated with R. parkeri developed an inflammatory leukogram characterized by mild to moderate neutrophilia and lymphopenia. Furthermore, moderate to marked elevations in CRP concentration, a major acute phase protein in rhesus macaques [45] , and IL-6 concentration were noted during the same time frame. These abnormalities indicate activation of the innate immune response. Local inflammatory mediators, such as IL-6, are produced by innate immune cells in response to foreign substances [46] ,
Rickettsial DNA was detected in the skin of R. parkeri-inoculated animals at 4 and 9 dpi. Rickettsial load as detected by qPCR in skin samples from 4 and 9 dpi expressed as R. parkeri ompB copies per 10,000 M. mulatta OSM copies. No rickettsial DNA was isolated from the tick-only macaque at any time point.
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in this case R. parkeri. This leads to production of acute phase proteins, like CRP, by hepatocytes [45, 47] and release of neutrophils from the bone marrow storage pool within hours after the inciting stimulus [48] . Inflammatory mediators also cause reduction of the circulating lymphocyte pool due to multiple factors including increased migration to inflamed tissues, increased homing to lymph nodes, and decreased migration from lymphoid tissue back to blood [49] . A similar pattern of inflammation was noted in experimental R. parkeri infection in mice [11] as well as in natural infection of humans with R. conorii [50] . Elevation of serum IFNγ and IL-15 concentrations were also noted in R. parkeri-inoculated animals at 1 and 4 dpi indicating evidence of a TH1 response in these animals, which has been well described in SFG rickettsiosis [50, 51] . Mild increases in serum IL-15 concentrations were also noted in the tickonly animal at 4 and 11 dpi, which is unexpected as tick feeding has been shown to downregulate the TH1 response [17, [52] [53] [54] . While this finding could simply be an anomaly due to subject variability, further study is needed to define the role of this cytokine in the response to tick infestation. Tick feeding has also been shown to result in a TH2 response [17, [52] [53] [54] [55] [56] ; however, differences in TH2 cytokines were not detected in the serum of tick infested animals in this study, which could be attributed to the fact that these cytokines act locally at the feeding site and are not produced in large enough quantities to be detected in the peripheral blood. However, it is worth noting that many of the previous studies reporting cytokines induced by tick feeding were performed in BALB/c mice, which have a TH2-biased immune response [57] [58] [59] . Future experiments should include evaluation of cutaneous cytokine concentrations at the tick bite site in larger numbers of non-human primates to see if the Th1 versus Th2 cytokine paradigm is valid in this species. Furthermore, all animals inoculated with R. parkeri developed anti-Rickettsia IgG titers greater than or equal to 1:256 at 11 dpi with at least a 4-fold increase in convalescent titers indicating exposure and the appropriate antibody response to the pathogen [5] . Although rickettsial infections are typically associated with fever, elevated body temperature was not detected in any of the animals during the study. All animals were anesthetized during temperature evaluations; therefore, the induced hypothermia could have masked a potential fever. Continuous temperature monitoring could be of benefit to detect fever in future studies, as has been reported in rhesus macaques inoculated with B. turicatae [60] . Experimentally-induced eschars, the hallmark gross lesions consistently found in human cases of R. parkeri rickettsiosis, [3] [4] [5] [6] [7] [8] [9] [10] , were reproduced at all cutaneous R. parkeri inoculation sites in this study. Histologically these lesions were characterized by diffuse infiltrates of macrophages and neutrophils in the acute phase of infection and perivascular dermatitis with infiltrates of predominantly lymphocytes and plasma cells in the chronic phase of infection, both of which have been described in human cases of R. parkeri rickettsiosis [3] [4] [5] [6] [7] 10] . Furthermore, similar to human cases of R. parkeri rickettsiosis, mild to marked dermal vasculitis was noted in two macaques inoculated with R. parkeri during the acute phase of infection and maculopapular rashes were noted in both macaques in the tick + R. parkeri group [3] [4] [5] [6] [7] [8] [9] . Anti-Rickettsia IHC revealed the presence of few to many organisms within cutaneous inoculation sites primarily within macrophages and occasionally neutrophils as identified by nuclear morphology. The presence of R. parkeri primarily within inflammatory cells within cutaneous lesions as opposed to endothelial cells is similar to what is reported in the literature for human cases of R. parkeri rickettsiosis [3] [4] [5] [6] , an interesting finding that requires further study given the predilection of other SFG Rickettsia for endothelial cell infection.
Tick feeding during R. parkeri inoculation consistently resulted in enhanced gross lesions as well as a greater systemic inflammatory response in the acute phase of infection. Interestingly, tick feeding during R. parkeri inoculation did not have an effect on cutaneous rickettsial load at 4 dpi with decreased numbers of R. parkeri detected at 9 dpi. This is in contrast to previous studies in mice, where nymphal tick feeding post-R. parkeri inoculation resulted in increased bacterial load in the skin at 8 dpi [12] . This difference could be an artifact of sampling, where, despite our best efforts, the 4-mm biopsies may not have been representative of the overall lesion. We also cannot rule out the possibility that tick feeding prior to inoculation primed the immune response leading to increased clearance of bacteria at the inoculation site. Nevertheless, R. parkeri DNA and rare organisms were detected in a lymph node of an animal in the tick + R. parkeri group by qPCR and IHC, as well as at the site of inoculation at 32 dpi by qPCR. These results suggest that tick feeding may facilitate dissemination and persistence of R. parkeri. However, significance of these findings should not be overstated as they are based on data from one animal. Future study with larger animal numbers would be needed to confirm these results.
The presence of rare Rickettsia noted in the tick-only animal at 4 dpi in the skin by IHC is attributed to transmission of Candidatus "Rickettsia andeanae," a rickettsial species with no known pathogenicity, which has been detected in wild-caught A. maculatum [42, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] and was detected in low prevalence in the larval progeny of the ticks used in this experiment. The observed transmission of low numbers of Candidatus "Rickettsia andeanae" has been previously reported when persistently infected A. maculatum nymphs were fed on mice [12] . Similar to this previous report, rare bacteria were noted in the tick-only animal in this study via IHC, but not by either qPCR or two rounds of traditional PCR. This finding could indicate that IHC is more sensitive than PCR in detecting low rickettsial loads after DNA extraction, or it could be a result of sampling error, where low numbers of Rickettsia were present in the tissue sample for IHC, but not sampled in the tissue section for PCR. The amount of disease caused by transmission of Candidatus "Rickettsia andeanae" in this study is uncertain, as mild peripheral neutrophilia and marked neutrophilic dermatitis were detected at 4 dpi in this animal without elevations of inflammatory cytokines or acute phase proteins in the peripheral blood. This inflammation could be attributed to the tick inoculation of bacteria; however, an inflammatory reaction to the partially purified Vero cell lysate injection or tick feeding could not be ruled out. Ideally, future study would include Vero lysate injection alone, Candidatus "Rickettsia andeanae" injection alone, and Rickettsia-free tick feeding as additional experimental groups. The lack of anti-Rickettsia antibody production in the tick-only animal indicates that the innate immune response alone is likely sufficient to clear the Candidatus "Rickettsia andeanae." Further study is needed to characterize the pathogenic potential of this organism in comparison to a known human pathogen like R. parkeri. However, such a study would rely upon the in vitro propagation of Candidatus "Rickettsia andeanae," which has been proven difficult to culture, growing slowly and in low numbers in mammalian, insect and tick cell lines [67, 68] .
In summary, rhesus macaques prove to be a valuable animal model for studying the immunobiology of R. parkeri rickettsiosis. Intradermal inoculation with R. parkeri resulted in eschar and rash formation with characteristic dermatitis, dermal vasculitis, and epidermal necrosis that has been well described in human cases of R. parkeri rickettsiosis [3, 5, 6, 10] . Tick feeding during R. parkeri inoculation led to increased lesion size and a greater acute phase response with increased persistence of the pathogen and inflammation in the chronic phase. Further study to characterize the influence of immunomodulatory factors introduced by tick feeding at the cutaneous interface that potentially enhance R. parkeri pathogenicity is required and should be considered when developing therapeutic strategies and vaccine candidates aimed at blocking transmission of SFG rickettsioses. University) for providing the RC PFA antibody, Del Philips (Louisiana State University) for her
